Abstract-This article describes a novel add-on for powered wheelchairs that is composed of a gaze-driven control system and a navigation support system. The add-on was tested by three users. All of the users were individuals with severe disabilities and no possibility of moving independently. The system is an add-on to a standard power wheelchair and can be customized for different levels of support according to the cognitive level, motor control, perceptual skills, and specific needs of the user. The primary aim of this study was to test the functionality and safety of the system in the user's home environment. The secondary aim was to evaluate whether access to a gaze-driven powered wheelchair with navigation support is perceived as meaningful in terms of independence and participation. The results show that the system has the potential to provide safe, independent indoor mobility and that the users perceive doing so as fun, meaningful, and a way to reduce dependency on others. Independent mobility has numerous benefits in addition to psychological and emotional well-being. By observing users' actions, caregivers and healthcare professionals can assess the individual's capabilities, which was not previously possible. Rehabilitation can be better adapted to the individual's specific needs, and driving a wheelchair independently can be a valuable, motivating training tool.
INTRODUCTION
Some of these individuals might benefit from adaptive switches if they cannot control their powered wheelchair with a standard joystick; examples include button control, head control, breath control, and speech control [4] [5] . Although a number of studies have applied eyetracking, or gaze-driven, control, only a few have focused on eye-tracking for wheelchair maneuvering [4, 6] . None of these research systems have been designed in such a way that makes it possible for our intended user group, with limitations in terms of motor control and cognitive functioning, to maneuver the systems. All of the previous systems have demanded a level of understanding and abstract thinking, often in addition to some degree of motor control.
A few systems for gaze-driven control of powered wheelchairs are commercially available [5] . These systems require users to have the cognitive and perceptual capabilities needed to evaluate and react to the environment and voluntary motor control to use two different switches and/or interfaces.
* The Rolltalk system requires two voluntary motor actions-one to control a dead man's safety switch and one for gaze-driven control. The cognitive demands are also relatively high with the Rolltalk system because it requires users to shift their focus and have a higher level of abstract understanding and perceptual skills; they need to gaze down to control the wheelchair and gaze up to analyze the environment. The EyeGo system (EyeGo AB; Karlstad, Sweden) is designed to be more intuitive and enable independent mobility for users with severe cognitive impairments. It can be operated using only voluntary control of eye movements. Thus, even though the Rolltalk and EyeGo systems can be fitted on the same wheelchair, their intended user groups are not the same.
A smart wheelchair is a powered wheelchair that has additional functionality [7] , such as obstacle detection, line-following, wall-following, docking, and door passage. Many new systems are currently being developed for powered wheelchairs [2, [8] [9] . To date, testing with the intended user group has been limited and conducted in laboratory settings. Although a few commercially available systems have a line-following function for powered wheelchairs, most have both technical and practical limitations. They are often designed for a specific manufacturer, which limits the possible variety of wheelchairs and adaptations [5] . † The number of people who could benefit from a smart wheelchair is large and growing [10] [11] .
Clinical experience with existing systems has shown that using systems with simple on-off functionality in order to move freely and safely in a secure environment leads to many positive developments in people with cognitive disabilities [12] [13] . This occurs in several different areas, including body and environment awareness, social interaction, communication, and concentration. The ability to move and explore independently is motivating and facilitates learning. Many individuals develop skills for increasingly complex tasks, such as controlling the direction of a wheelchair with increasing levels of independence. By observing the individual's actions when driving independently, families and staff can obtain invaluable information about the individual's skills, interests, and personality. Studies have shown that, among individuals with severe or profound developmental disabilities, the opportunity to make choices in a daily context can reduce inappropriate behavior, increase appropriate behavior, and help identify individual preferences and reinforce stimuli [14] .
EyeGo System
We have previously developed a prototype for gazedriven control of powered wheelchairs or other moving platforms. This system consists of an interface for gazecontrol, a navigation support system that detects and reacts to reflective tape for safe maneuvering, and a junction box that connects to the wheelchair. The development of that system and results from laboratory tests with individuals from the intended user group are described elsewhere [15] . The system can be adapted and fitted to the user's current equipment. Thus, it is an add-on to a standard power wheelchair, which creates a smart wheelchair that can be customized for different levels of support according to the cognitive level, motor control, perceptual skills, and specific needs of the intended user. Individuals with severe and/or multiple disabilities can use the support system to safely steer an electric wheelchair in a controlled indoor environment using just their eye movements. The support system's first safety function is tape avoidance, which can be adapted to the individual's needs. The second function is problem-solving to reduce stress and cognitive demand for the user. Specifically, when the sensors identify the tape, the wheelchair automatically backs and turns away from the tape. Therefore, if a user opts to continue driving straight ahead upon reaching a boundary tape, the wheelchair will turn and continue in a safe direction. To ensure user safety, we conducted a risk analysis based on the recommendations highlighted in Bates et al. [16] , which contains reviews of all previous gaze-drive mobility systems. Our priority has been to develop and test a system that fills users' basic needs to move safely in their own home and can be economically feasible in the near future. Individuals belonging to the intended user group have been involved in the entire development process.
The system consists of three components: a gazedriven user interface, an intelligent junction box, and a navigation support system. These components are described briefly next.
Gaze-Driven User Interface
In order for the user to be able to steer and control the powered wheelchair with eye movements, an image of the room is shown on the computer screen. A small camera provides this image. Therefore, the user interface essentially comprises a live image of the surroundings in front of the wheelchair, upon which directional arrows are superimposed. In order to reduce the demands on gaze precision, the directional arrows are positioned in the center of a larger active area. The function of the arrow is to show the direction and to draw the user's attention to the center of the active area. When the user focuses within a particular directional area, the arrow is illuminated with the surrounding part of the active area and a signal that corresponds to a joystick command is sent to the wheelchair. The live image with the superimposed directional arrows provides an intuitive and easily understandable means of steering the wheelchair or platform. In order to facilitate the varying capabilities of the users, there are three options for level of control in the user interface; these options allow users to direct the wheelchair in six directions, four directions, or one direction (the single direction option requires the support system). Figure 1 shows the user interface with the fourdirection option selected. Here, the user focuses on the arrow pointing forward. Furthermore, the user interface settings include options to take into account the presence of microsaccades (small, normal, involuntary eye movements). The Frozen Gaze function stops the wheelchair when no saccades are detected within a set time. This function avoids the risk of an involuntary fixated stare (or eye-tracking malfunction) being interpreted as a voluntary command and also enables users to stop the movement of the wheelchair at any point in time by simply closing their eyes. The Delay function can be adjusted to filter out fixations due to involuntary head and eye movements.
Intelligent Junction Box
The user interface is connected to the junction box, which acquires direction commands from the user and sensor information from the optional support system. A microcontroller makes decisions in real-time and sends direction commands to the powered wheelchair through the joystick port. The wheelchair recognizes the junction box as a regular joystick. The junction box is compatible with all wheelchair systems that utilize the R-net system (PG Drives Technology; Anaheim, California), such as Invacare (Elyria, Ohio) and Permobil (Lebanon, Tennessee), and can also be used with any wheelchair that can be fitted with simple 1-to 4-button input devices.
Navigation Support System
The support system is an optical line navigation system. When installed, the power wheelchair detects and avoids reflective tape attached to the floor (Figure 2) . When a line is detected, the EyeGo system briefly takes control and aids the user by maneuvering the wheelchair into a possible route forward. This reduces the cognitive perceptual demands. The advantage of avoiding the tape instead of following it (as line-following robots do) is that it allows for greater flexibility. In its most supportive setup, the wheelchair follows a designated pathway (Figure 3(a) ). The combination of path-following and the one-direction user interface option means that even individuals with severe cognitive and perceptual impairments can drive the wheelchair independently and safely. All the user has to do is to look at the screen and the wheelchair will drive along the designated path. The Boundary Drive function enables users with a higher level of cognitive functioning to steer the chair with the four-direction interface option in any direction, but only within a predefined area. The Boundary Drive function can also be combined with path-following so that the boundary is made into a path in more restricted areas such as hallways or door openings (Figure 3(b) ). During such a setup, the user is free to drive in any direction in the open space but will only have to steer straight ahead to navigate through areas such as hallways and door openings. Finally, high-functioning users who are able to drive the wheelchair without any support can still benefit from assistance during difficult passages such as door openings (Figure 3(c) ).
METHODS
This study was approved and partially funded by the Research and Development Department of the County Council of Värmland responsible for healthcare services. The Regional Ethical Review Board of Uppsala, Sweden (registration number 2010/377) granted ethical approval for the study. Furthermore, each system has been constructed and registered according to the Swedish regulations for a special adapted product.
The objective of the study was to answer the following research questions: 1. Can the EyeGo system be customized to functionally meet varied needs depending on the user's cognitive level, perceptual capacity, and control of eye movements? 2. Is the EyeGo system safe and easy to understand and manage, both for users and caregivers? 3. Does using the gaze-driven power wheelchair increase the level of independent movement, communication, and participation in daily activities for individuals with severe impairments?
We used a qualitative case study method. The data collected concern the users' and their caregivers' needs, ideas, responses to the system's functionality, and significance for the user. Written consent forms were collected from all participants.
Study Participants
Three adults with severe motor impairment and two caregivers for each user were recruited. Study participants were recruited and chosen by the primary investigator's colleagues, physiotherapists, and occupational therapists working with the intended user group. All participants lived in their own homes and received extensive personal assistance. The users were considered representative of the spectrum of needs of the intended user group. The three users had different diagnoses: multiple sclerosis, Duchenne muscular dystrophy, and locked-in syndrome.
The participants' control of their voluntary movement was extremely limited, energy-demanding, and nonfunctional. All users required extensive adapted seating and head support. Communication, cognitive, and perceptual skill levels varied. All users were totally dependent on caregivers for all position changes, mobility, nursing care, and activities of daily living. Two of the study participants had previously been able to control their powered wheelchairs but had lost that capacity as their impairments progressed. Neither of them had driven independently for at least 3 yr because currently available control systems do not meet their needs. The number of participants was limited to three in order to minimize risks in this development phase. Gaze-driven control was evaluated as the only possibility for independent control for all three participants.
There were two inclusion criteria. First, users had to be able to understand verbal information about the wheelchair's functions and have two caregivers who knew the participant well. Second, the participants' caregivers had to have their employer's permission to participate in the study. Assessment of whether the inclusion criteria were met was made by the primary clinical investigator in consultation with the participant's network (family, caregivers, and habilitation and/or rehabilitation professionals).
Exclusion criteria were individuals who had severe cognitive impairments, for which the learning process is often long and highly dependent on a predictable and consistent response from staff and adaptive equipment.
Phase 1
Each of the representatives of the user group, together with their caregivers, were informed and instructed in the functions of the gaze-driven interface and support system. Each caregiver then test-drove the system, both with gazedriven control and caregiver operation mode, in a controlled indoor environment. This was followed by the user test. Each participant tested all of the support system's functions, i.e., free navigation, path-following, and Boundary Drive function.
User training continued in a controlled clinical setting. The primary clinical investigator, in consultation with the participant's network, decided which functional control mode was appropriate. Adaptations concerning seating and eye-tracker positions were also adjusted as needed. Responsible caregivers participated in each test session and gradually took responsibility for training sessions in the controlled clinical setting under the supervision of the clinical investigators. In two cases, the EyeGo system was mounted on the user's own powered wheelchair, and in one case, it was mounted on a borrowed wheelchair. The clinical investigation team, the users, and their caregivers evaluated when the training situation was moved to the home environment. This decision was based on the capacity of the participants and their caregivers to safely manage the system. Thus, this was a collaborative decision based on the confidence of the responsible caregiver, research team, and user. The structure, duration, and total number of training situations were adapted to the individual needs of each user.
Before the study, each user, together with his or her caregivers, provided background information with a brief description of the individual's relevant limitations and skills in the areas of communication, motor control, mobility, perception, and health issues.
An interview guide and observation protocol developed by the clinical investigators was used after the test and training passes in the laboratory situation. The observation protocol was inspired by Nilsson and Eklund [17] . The primary clinical investigator carried out and summarized the interviews. Video recording of training sessions was often performed in the laboratory setting. All study participants (users and caregivers) were interviewed about the system's functions, their experiences, and possible problems and suggestions for improvements.
Phase 2
The users' caregivers were in charge of testing in the home environment. Before the testing, the investigation team evaluated the home environment, applied necessary taped boundaries for two of the users, and ensured the caregivers' capability. Telephone contact from study participants was encouraged, and they were contacted periodically for the purpose of follow-up, problem-solving, and support. All contact was documented.
Standardized forms were used to describe the participant's capabilities in the area of mobility and communication, both before and after the home test period. These templates are inspired by Brandt et al. [18] . Caregivers were also asked to fill in the observation protocol each time they test-drove the system. This was completed with varying degrees of vigilance, and some of the written material was misplaced by one of the caregivers. A summarizing interview was conducted with each participant. All written documentation was presented to and approved by the study participants. As a safety precaution, every test for all participants was conducted under the supervision of a responsible caregiver with a remote stop control.
RESULTS

Can EyeGo System be Customized to Functionally Meet Varying Needs Depending on User's Cognitive Level, Perceptual Capacity, and Control of Eye Movements?
All users initially tested a variety of interfaces and levels of support. The interface design and level of support was then chosen for each user. Two of the users also needed the navigation support system with varying degrees of freedom of movement. Figure 4 shows an example of a user testing the navigation support system in his home. Table 1 includes information on the number of tests and the environment, the interface design, and the level of support for each user. All three users were able to independently control and maneuver a powered wheelchair using the EyeGo system with gaze-control. None of the users had or have the ability to move independently with their own present wheelchairs.
Is EyeGo System Safe and Easy to Understand and Manage for User and Assisting Caregivers?
All caregivers responded that the verbal and written instructions were easy to understand. The software was perceived as easy to learn. Depending on the caregivers' own interest and experience with technical devices, the users needed to operate the system independently without support between two and six times before feeling secure. During initial testing of the system, incidents occurred in which the wheelchair crossed the taped boundaries; consequently, a remote stop control was used at all times throughout the study. Adverse effects were Free navigation (no support system).
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and analyzed, and the EyeGo system was developed to ensure safety. Two major factors caused boundary crossing. The first factor was system architecture. Initially, the robotics software was running in the eye-tracker-enabled personal computer, resulting in loss of input and output signals during excessive central processing unit loads, which essentially made the system "blind." In response, the robotics software was moved to a microcontroller fitted into the EyeGo junction box. The second factor was related to varying wheelchair weight and deceleration speed, which necessitated software adaptation. Caregivers evaluated the most difficult part of starting up the system to be the mechanical placement of the eye-tracker in order to obtain an optimal calibration. Daily adaptations to seating and head support needs were also critical for optional function and comfort.
Does Level of Independent Movement, Communication, and Participation in Daily Activities Increase for Individuals with Severe Impairments by Using Gaze-Driven Power Wheelchair?
In order to assess the users' expectations and how well they were met, as well as the effect that the EyeGo system had on their ability to move, we assessed some of the items from the standardized forms. The results show that the EyeGo system surpassed the expectations of the study participants ( Table 2) .
The change in level of mobility capacity was dramatic for all three users, from totally dependent to independent indoors (in two cases with support). Figure 5 shows one user driving independently and making his own choices.
One participant (female, age: 70 yr) chose to discontinue the study due to health deterioration before the extended test in her home environment. An improved level of communication was achieved for the user who otherwise has no effective expressive communication. A higher level of participation with increased independence and freedom to make choices was apparent for the two users who completed phase 2. Table 3 provides a description of mobility capability with and without the tested system and each of the user's subjective comments.
DISCUSSION
The primary aim of this study was to test functionality and safety of the system in the user's home environment. The secondary aim was to evaluate whether access to a gaze-driven powered wheelchair with navigation support is perceived as a meaningful improvement in independence and participation. The results show that, for the intended user group, the system has the potential to provide safe, independent indoor mobility and that doing so is perceived as fun and meaningful and reduces dependency on others.
Each user has contributed in many ways to the understanding of his or her needs and the development of the system. It is not possible for individuals without disabilities to simulate or prioritize their unique needs. The gazedriven user interface was evaluated by all users as being intuitive and easy and quick to learn. This is attributed to Sometimes in need of a little assistance. the multimodal reinforcing stimuli: visual with directional arrow activation and mobile environmental camera and physical movement of the chair. The system, as tested in this study with gaze-driven control, fulfilled criteria regarding functionality and safety. Numerous studies have documented the positive benefits of involving intended users in the development process [19] . For the present study and development work, the extensive user testing and feedback has been invaluable. Many factors are critical to successfully matching the system with the user. Caregivers and healthcare professionals are essential for identifying the most suitable design and adaptation needs for each individual user. This regards issues such as the level of support, user interface, seating support, and placement of the eyetracker. A training period with support for both users and caregivers is essential, as is follow-up. The motivation of both the users and caregivers depends on the balance Table 2 . Some study participant responses to items on standardized form.
between demands and degree of freedom corresponding with the users' abilities.
All three participants expressed that they would like to continue their involvement in future development work. They also expressed a need and desire for further product developments. The two most important wishes are the ability to change seating position with eye movement and the possibility of driving outdoors. The first request can be solved by the EyeGo system, whereas the second requires developments in eye-tracking technology.
A great deal of consideration was given to the choice of participants in order to achieve a wide variety of users' abilities and needs. However, one obvious limitation to this study is the small number of participants. Because the focus of this study was validation of safety issues, we did not include users with severe cognitive impairments, even though we believe this group would benefit greatly from using the system. Future research must be conducted with a larger population of potential users, prescribers, rehabilitation teams, and caregivers in order to develop specific methods for the prescription assessment; training models; and development of evaluation methods of cognition, communication, and perceptual functioning that uses the ability to execute independent actions as a tool.
Another limitation is that the length of the study and the few participants meant that we have very little data concerning our second aim, which was to evaluate whether access to a gaze-driven powered wheelchair with navigation support [20] . In addition to being a standardized assessment to use in research concerning different control systems such as the EyeGo, the ALP is a pedagogical tool for educating and supporting caregivers. This is essential if the user, independent of cognitive capacity, is to have the necessary conditions to succeed.
CONCLUSIONS
Many individuals with severe disabilities who are currently totally dependent on others can obtain a higher level of independence with access to gaze-driven control of a powered wheelchair with an appropriate degree of navigation support.
The new opportunity for independent mobility and actions for individuals who are totally dependent on others, some of whom cannot communicate their wishes, has many important benefits. Psychological and emotional well-being improves with the ability to independently choose when and where to move. Independent actions provide a form of communication. By observing an individual's behavior and actions with the wheelchair in different environments and situations, caregivers and healthcare professionals can assess the individual's perceptual and cognitive capabilities, which was previously impossible.
Rehabilitation can be better adapted to the individual's specific needs. Driving a wheelchair independently can be a valuable, motivating training tool for factors such as concentration, spatial orientation, and integration of perceptual stimuli. The interface and level of support can be adapted to both the development and loss of skills.
The EyeGo system is a promising way to provide a user-friendly gaze-driven control and navigation support system for powered wheelchair users to enable a degree of independence for individuals with severe impairments. Financial Disclosures: The system described in the article was developed during a research project conducted in collaboration between Karlstad University, the County Council of Värmland, and Embint Technology. The participating researchers have since then founded the company EyeGo AB, which owns the intellectual property rights, and our ambition is to turn the system described in the article into a commercial product. Neither Permobil AB nor Tobii Technology AB have any stakes in the project, but they have kindly lent equipment (wheelchair and eye tracker). Harder at home; it feels like the chair moves more quickly when I get close to my own things. Do not fully trust my own reactions and those of the wheelchair. I would be too nervous to drive myself at home."
ACKNOWLEDGMENTS
Wife: "Access to the system has been very significant. It has strongly contributed to his rehabilitation. He is motivated, more alert, tries to move more, and is happier after he has driven the chair. It stimulates all his senses. Head control, control of eye movements, and stamina have steadily improved." User confirms that he finds system to be fun and meaningful, and he wants to keep system. "Easy to understand, drive, and maneuver the wheelchair. Works better than I expected. It is fun to be able to drive myself. I can go where I want to without asking others. If there was more room at home, I would have greater freedom with this system." Table 3 . Study participants' mobility capability, participation, and subjective comments. Participant Follow-up: The participants will be notified of the publication of this study.
